Two trinuclear copper [Cu I Cu I Cu I (L)] 1؉ complexes have been prepared with the multidentate ligands (L) 3,3-(1,4-diazepane-1,4-diyl)bis(1-((2-(dimethylamino)ethyl)(methyl)amino)propan-2-ol) (7-Me) and (3,3-(1,4-diazepane-1,4-diyl)bis(1-((2-(diethylamino) ethyl)(ethyl) amino)propan-2-ol) (7-Et) as models for the active site of the particulate methane monooxygenase (pMMO). The ligands were designed to form the proper spatial and electronic geometry to harness a ''singlet oxene,'' according to the mechanism previously suggested by our laboratory. Consistent with the design strategy, both [Cu I Cu I Cu I (L)] 1؉ reacted with dioxygen to form a putative bis( 3-oxo)Cu II Cu II Cu III species, capable of facile O-atom insertion across the central COC bond of benzil and 2,3-butanedione at ambient temperature and pressure. These complexes also catalyze facile O-atom transfer to the COH bond of CH 3CN to form glycolonitrile. These results, together with our recent biochemical studies on pMMO, provide support for our hypothesis that the hydroxylation site of pMMO contains a trinuclear copper cluster that mediates COH bond activation by a singlet oxene mechanism. density functional theory ͉ methane monooxygenase ͉ membrane-bound or particulate methane monooxygenase ͉ soluble methane monooxygenase ͉ mass spectroscopy T here presently is considerable interest in the development of efficient catalysts for the facile conversion of methane to methanol (1). Industrially, this is a difficult process. However, two methane monooxygenases (MMO) are known to mediate this process in methanotrophic bacteria: a membrane-bound MMO called particulate MMO (pMMO) and a water-soluble form referred to as soluble MMO (sMMO) (2). pMMO is a multicopper protein (3), and sMMO is a nonheme diiron protein (4, 5). Both systems exploit metal clusters to catalyze this difficult chemistry.
T
here presently is considerable interest in the development of efficient catalysts for the facile conversion of methane to methanol (1) . Industrially, this is a difficult process. However, two methane monooxygenases (MMO) are known to mediate this process in methanotrophic bacteria: a membrane-bound MMO called particulate MMO (pMMO) and a water-soluble form referred to as soluble MMO (sMMO) (2) . pMMO is a multicopper protein (3) , and sMMO is a nonheme diiron protein (4, 5) . Both systems exploit metal clusters to catalyze this difficult chemistry.
The pMMO is found in all methanotrophs; in contrast, the sMMO has only been isolated from certain strains of methanotrophic bacteria. As an MMO, the oxidation of the COH bond often is described by the chemical equation
Several possible mechanisms for the catalytic function of MMO have been considered. One involves a radical mechanism, wherein an activated ''oxygen'' species abstracts a hydrogen atom from the hydrocarbon substrate, followed by radical-rebound chemistry of the alkyl radical with the ''hot'' hydroxyl radical to form product. This mechanism has been implicated for the nonheme diiron cluster at the active site of sMMO (6) (7) (8) . The other mechanism suggested by our laboratory invokes oxenoid or ''singlet oxene'' insertion across the COH bond (3) . Evidence for a direct insertion mechanism has been provided by the turnover chemistry mediated by pMMO (9) (10) (11) (12) . Direct insertion of a singlet oxene across a COH bond should result in facile bond closure of the COO bond after formation of the OOH bond, and the process should proceed with full retention of configuration at the carbon center oxidized.
Indeed, the hydroxylation of small straight-chain alkanes (C1-C5) mediated by pMMO occurs with total retention of configuration (11) . In contrast, the hydroxylation of hydrocarbons mediated by sMMO has been reported to proceed with only partial retention of configuration (6, 8) .
In our proposed singlet oxene mechanism, we have conjectured that the ''active'' species that promotes O-atom insertion in pMMO is a mixed-valence [Cu II (3) . The main features of this mechanism are illustrated in Fig. 1 . Although only two of the three reducing equivalents are required for hydroxylation chemistry, we have proposed that the third reducing equivalent in the hydroxylation cluster is required for efficient O-atom transfer based on the concerted singlet oxene insertion across the COH bond (3, 13) . Analysis of this process by density functional theory (DFT) has ensured that the oxo-transfer chemistry proceeds on a ''singlet'' reaction potential surface without spin crossover (13) . This analysis also indicates that the putative trinuclear copper cluster offers a significantly more facile pathway for alkane hydroxylation compared with the traditional dinuclear copper cluster.
Compelling evidence for the existence of a tricopper cluster has been recently reported for pMMO from Methylococcus capsulatus. (Bath) based on redox potentiometry and EPR spectroscopy (14) . By fine-tuning the redox potential with redox mediators, an EPR signal characteristic of a trinuclear copper cluster could be observed.
In this study we have extended our efforts on pMMO to a model compound that might provide fundamental test of the ideas derived from the enzyme studies. Building on the findings of our recent DFT calculations (13), we have designed and synthesized several trinuclear copper complexes based on the ligand (denoted as L) ) revealed two primary positive ion clusters with multiple peaks. One cluster appeared in the range of m/z Ϸ902-910 atomic mass units (amu) with a maximum peak at m/z 904 amu; the other occurred in the range of m/z Ϸ916-924 amu with a maximum peak at m/z 918 amu (Fig. 4) . The multiple peaks associated with the two signals were consistent with a complex with three copper ions based on the diagnostic statistical combination of the 63 Cu (69%) and the 65 Cu (31%) isotopes associated with three copper atoms in natural abundance, together with one or two chlorine atoms based on the natural abundances of 35 with only one ClO 4 Ϫ but also coordinated to two oxidized acetonitrile molecules formed by oxo-transfer from two trinuclear copperdioxygen adducts. Support of this tentative assignment is provided by the identification of glycolonitrile by IR spectroscopy and further The formation of CH 2 OHCN was corroborated by IR spectroscopy. The deep blue adduct was precipitated from the CH 3 CN solution by adding diethyl ether. IR spectrum of the adduct in KBr pellet revealed a broad band centered at 2,021 cm Ϫ1 , which we have assigned to the C'N stretch (v CN ) of glycolonitrile coordinated to one of the Cu( 
). Although direct oxo-insertion across a C'N might have led to the formation of methyl isocyanate, this scenario was not supported by IR spectroscopy. In methyl isocyanate, there is a broad band centered at Ϸ2,280 cm Ϫ1 in the IR that is diagnostic of OCANAO stretch, but the region from 2,000 to 2,100 cm Ϫ1 is perfectly clean. Although it is evident that the active oxidant is capable of hydroxylation of acetonitrile, we have obtained no evidence for ligand dealkylation.
Thus (Fig. 6 a and b) . Because the green solution yielded the same mass spectrum even a week after it was generated, we have assigned the green product to the Cu II Cu II Cu II benzoic acid adduct. In contrast, in the absence of the benzoic acid product, the solution will turn to deep blue after reoxygenation.
Acetoin as Reductant. When acetoin was adopted as the reductant, following the same experimental procedure as with benzoin, the color of the solution of the complex changed from deep blue to pale yellow as well. As expected, the acetoin was oxidized to 2,3-butanedione, and the tricopper complex was reduced to [ PhCOOH} ϩ obtained when benzoin was used as the reductant (see SI Fig. 11 ). The reaction with acetoin as reductant was totally the same as that with benzoin as the reductant. 2 , and this H 2 O is involved in the disproportionation of the benzyl after the oxo-transfer chemistry and hydrolysis of the anhydride (see below).
Competition of Substrates for ''Oxo-Transfer'' Chemistry. To provide further insight into the role of the tricopper cluster in mediating oxo-transfer chemistry, we have compared the chemoselectivity of oxidation of benzil and 2,3-butanedione. As demonstrated earlier, both benzil and 2,3-butanedione products can be further oxidized by the dioxygen-activated [Cu I Cu I Cu I (7-Et or 7-Me)] 1ϩ (X) complex. One interesting question is whether these products were dissociated before oxygenation and turnover. By treating the trinuclear copper cluster with one compound (e.g., acetoin) and performing the oxygenation in the presence of the already oxidized product (e.g., benzil), one could provide support for the direct involvement of the oxygenated tricopper species after dissociation of the oxidized reducing agent.
We previously proposed that the pMMO mediates methane oxidation by a tricopper cluster using a cluster-activated singlet oxene and have designed here the 7-Et and 7-Me ligands to promote the formation of a tricopper cluster to mediate this chemistry. If, as suggested by this design, the oxo-transfer by the putative bis( 3 -oxo)Cu II Cu II Cu III species is mediated by singlet oxene addition across the COC bond of the diketone to form an anhydride, the yield of oxidized substrates should be correlated with the central COC bond energy of the diketone. Diketones with a lower central COC bond energy would be expected to be preferably attacked, and the corresponding cleavage products formed from hydrolysis of the anhydride would be produced in higher yields. To evaluate this possibility, we conducted substrate competition experiments between 2,3-butanedione and benzil. We used acetoin as the reductant to fully reduce [Cu II Cu II Cu II (7-Et)(O)] 2ϩ (X) 2 to [Cu I Cu ICu I (7-Et)] 1ϩ (X) and followed up by adding the same number of equivalents of exogenous benzil as the acetoin.
As noted earlier, the acetoin is oxidized to 2,3-butanedione upon full reduction of the tricopper complexes. The bond energy of the central COC bond of 2,3-butanedione is estimated to 60 kcal/mol (16), only somewhat higher than the corresponding COC bond energy in benzil, 51 kcal/mol (17 
Indeed, this outcome was confirmed by nanospray ESI-MS (see SI  Fig. 13 ). The observed product ratio was Ϸ1.
In contrast, when benzil was used as the external substrate in the same oxygenation, but [ 2ϩ in CH 3 CN, the major product turned out to be benzoic acid, as characterized by GC-MS. There was no evidence for the product CH 2 OHCN noted earlier in the ESI mass spectrum. As the COH bond energy in CH 3 CN is 93-95 kcal/mol (18) Finally, it is interesting that we have obtained no evidence for the degradation of the tricopper cluster even with many turnovers. Perhaps this is not surprising, given that the putative bis( 3 -oxo)[Cu II Cu II Cu III ] species merely harnesses a singlet oxene, and the O-atom transfer only occurs when a substrate becomes bound, and then only when a suitable bond is in the proper stereochemical juxtaposition to form a transition state that allows the oxo-transfer to take place. In other words, the chemistry is inner sphere. It is a concerted direct O-atom insertion, unlike the hydrogen-abstraction radical rebound chemistry in the radical mechanism of oxo-transfer. The chemo-or regio-selectivity that we have observed for benzil, 2,3-butanedione, and acetonitrile only could be accounted for by this type of inner sphere chemistry. All these substrates somehow must be anchored to coordination sites of the bis( 3 -oxo) Cu II Cu II Cu III catalyst, and presumably the copper centers offer potential binding sites for these substrates. 2 complex with a structure similar to that predicted and implicated for the fully oxidized hydroxylation site of pMMO. In the presence of suitable substrates, we show that one oxygen atom is trapped in the fully oxidized Cu II Cu II Cu II complex, whereas the other oxygen is involved in oxo-transfer to the exogenous substrate. Oxo insertion into the COH of CH 3 C'N, and oxo insertion of the central COC bond of benzil and 2,3-butanedione were highlighted in this study. This chemistry is Scheme 3. Oxidation chemistry of benzil, 2,3-butanedione, and acetonitrile.
Conclusions

Scheme 4.
The proposed mechanism of O-atom transfer mediated by dioxygen-activated tricopper cluster.
